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ulprit Mechanism(s)
or Exercise Intolerance
n Heart Failure With
ormal Ejection Fraction*
alter J. Paulus, MD, PHD
msterdam, the Netherlands
eart failure with normal ejection fraction (HFNEF) cur-
ently accounts for50% of all heart failure patients, and its
revalence relative to heart failure with reduced ejection
raction (HFrEF) is rising at a rate of 1% per year. Despite
his worrisome epidemiological trend, pathophysiological
echanisms underlying HFNEF and diagnostic or treat-
ent strategies for HFNEF remain the subject of contro-
ersy (1,2). That also holds for the cause of exercise
ntolerance in HFNEF, as evident from this issue of the
ournal, which features 2 papers on this subject (3,4) and
rom a series of recent studies addressing left ventricular
LV) filling mechanics in stressed HFNEF patients (5–7).
n these studies, various mechanisms were proposed, which
See pages 845 and 855
ither alone or in concert could account for low exercise
olerance of HFNEF patients. The mechanisms are multi-
le and include deficient early diastolic LV recoil, blunted
V lusitropic response, low LV pre-load reserve, high
ulmonary capillary wedge pressure (PCWP) at low work-
oad, blunted LV inotropic response, chronotropic incom-
etence, vasodilator incompetence, and deranged ventricu-
ovascular coupling. Confronted with this plethora of
echanisms, it seems appropriate to scrutinize their sup-
orting evidence, their independent mode of action, and
heir HFNEF specificity.
iastolic LV dysfunction. Recently proposed mechanisms
or exercise intolerance in HFNEF that relate to diastolic
V dysfunction comprise deficient early diastolic LV recoil
Editorials published in the Journal of the American College of Cardiology reflect the
iews of the authors and do not necessarily represent the views of JACC or the
merican College of Cardiology.
From the Institute for Cardiovascular Research, VU University Medical Centerp
msterdam, Amsterdam, the Netherlands. Dr. Paulus reports that he has no
elationships to disclose.6), blunted LV lusitropic response (5,7), low LV pre-load
eserve (4), and elevated PCWP at low workload (3).
Initial studies using speckle-tracking echocardiography
howed LV myocardial twisting and untwisting rates of
ontrol subjects to be comparable to those of HFNEF
atients (8). A recent study performing the same speckle-
racking analysis, however, came up with a different result
howing an impairment of twist and untwisting rate (p 
.06) in HFNEF, which worsened during exercise (6). This
tudy, therefore, attributed lower exercise tolerance in
FNEF to blunted early diastolic LV recoil, which dis-
laced LV filling to middle and late diastole with a
oncomitant rise in left ventricular end-diastolic pressure
LVEDP) because of a steep diastolic LV pressure-volume
elation. As blunted early diastolic LV recoil requires a steep
iastolic LV pressure-volume relation to exert its limiting
ffect on exercise tolerance, it qualifies to be an important
ccomplice but not the prime suspect for exercise intoler-
nce in HFNEF.
When exposed to dobutamine stress, HFNEF patients
ad a fall in Ea (early diastolic mitral annular velocity),
hich predicted their 6-min walk distance (7). This lack of
V diastolic reserve raised LVEDP and was presumed to
ause exercise intolerance in HFNEF. Absent LV diastolic
eserve in HFNEF was also evident from a lower LV peak
lling rate and a paradoxical lengthening of the time to peak
lling rate on exercise radionuclide LV angiograms (5).
hese deficient lusitropic responses to adrenergic stimula-
ion seem to be unique to HFNEF because in HFrEF,
eta-adrenergic receptor downregulation blunts chrono-
ropic and inotropic but not lusitropic responses to adren-
rgic stimulation (9). These differential effects in HFNEF
nd HFrEF are also consistent with the recently reported
ivergent expression in both heart failure phenotypes of
roteins involved in beta-adrenergic signaling (10). Finally,
s lack of diastolic LV reserve again exerts its effect through
isplacement of LV filling to middle and late diastole,
hereby raising LVEDP because of a steep diastolic LV
ressure-volume relation, it also qualifies to be an accom-
lice but not the prime suspect for low exercise tolerance in
FNEF.
In 1 of the studies (4), HFNEF patients tended (p 0.2)
o have less increase during exercise in left ventricular
nd-diastolic volume index (LVEDVI) despite high
VEDP. In this study, LVEDVI at rest was similar in
FNEF patients, hypertensive patients, and control sub-
ects. In the other study (3), LVEDVI at rest was, however,
ignificantly smaller in HFNEF subjects than in control
ubjects. Similar “shrinkage” of LVEDVI had previously
lready been observed in an epidemiological survey of
FNEF patients among Olmsted County residents (11).
ssessment of LV pre-load reserve in HFNEF patients
ith a characteristically shrunken left ventricle would prob-
bly have revealed a more drastic impairment. Impaired LV
re-load reserve is highly relevant to the main finding of 1 of
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September 7, 2010:864–6 Exercise Intolerance in HFNEFhe current studies, which consisted of a low PCWP/work
ate ratio in exercising HFNEF patients (3). The latter
orresponded with a prompt elevation of PCWP elicited by
small rise in venous return when exercising at low
orkload. Impaired LV pre-load reserve and low PCWP/
ork rate ratio both imply that HFNEF patients operate on
steep diastolic LV pressure-volume relation, and both
ndings reveal the true identity of the prime suspect for
xercise intolerance in HFNEF, namely, a steep diastolic
V pressure-volume relation.
hronotropic and vasomotor incompetence. Chrono-
ropic incompetence or an inadequate heart rate response to
xercise is defined either by peak heart rate at peak workload
r by heart rate increment at matched workload increment.
sing the first definition, 2 recent studies observed smaller
hanges in peak heart rate at peak workload in HFNEF
atients (4,12). These changes in peak heart rate were
bserved, however at vastly different peak workloads, and
he lower peak heart rate in HFNEF could therefore merely
ave resulted from premature cessation of exercise. This is
ndeed suggested by the other study (3), which observed
imilar heart rate increments at similar workload increments
n both HFNEF subjects and control subjects, especially in
he initial stages of exercise. Therefore, this study concluded
hat, in contrast to an earlier study (13), there was no
vidence for chronotropic incompetence. Furthermore, as
reviously demonstrated in the cardiac allograft, a blunted
eart rate response in the initial stages of exercise reduces
xercise tolerance because of an early rise in PCWP, which
s caused by the absent LV pre-load reserve of the cardiac
llograft (14). Hence, even if chronotropic incompetence
ould be present in HFNEF (4,13), it would still qualify for
n ancillary role reducing exercise tolerance only because LV
re-load reserve is restricted.
An inconsistent outcome of both studies unfortunately
lso applies to exercise-induced vasomotor responses. One
roup of investigators (4) observed smaller reductions in
ystemic vascular resistance (SVR) in HFNEF both at a low
orkload and at peak exercise. However, the other group of
nvestigators (3) observed similar reductions in SVR in
FNEF and in controls at matched workloads.
lunted LV contractile response. Depressed LV contrac-
ility in HFNEF remains debated. Earlier invasive studies
howed no LV contractile depression (15), but a recent
oninvasive epidemiological survey observed lower LV con-
ractility indices (16). This recent evidence does not neces-
arily prove that LV contractile depression actually contrib-
tes to LV failure in HFNEF. A significant contribution of
V contractile depression to LV failure requires left ven-
ricular end-systolic volume index (LVESVI) to be enlarged
o that the left ventricle is forced to operate on a steeper
ortion of its diastolic pressure-volume relation. Most
tudies, however, including the 2 current ones (3,4), ob-
erved either normal or smaller LVESVI in HFNEF.
urthermore, there is no mechanistic evidence that supports
epressed myocardial contractile performance in HFNEF.n HFNEF, the myocardial force-frequency relation is
reserved consistent with normal calcium handling (17),
nd cardiomyocytes isolated from HFNEF myocardium
ave increased myofilamentary calcium sensitivity (18).
In HFNEF, assessment of LV contractile response to
xercise has become a perfect mirror image of assessment of
aseline LV contractility. The invasive study (3) observed
imilar increases in cardiac index in HFNEF patients and
ontrols for the same increase in work load. Conversely, the
oninvasive study (4) observed, at matched low-level exer-
ise workload, smaller increases in cardiac index and in LV
ontractility indices in HFNEF patients than in controls.
he latter study thereby confirmed the lower LV long-
xis shortening reserve previously reported in exercising
FNEF patients (6). Again, however, mechanistic evidence
f a blunted myocardial inotropic response to adrenergic
timulation is absent because administration of dobutamine
o HFNEF patients resulted in a normal increase in LV
ong-axis shortening velocity (7).
onclusions
he search for the culprit mechanism for exercise intoler-
nce in HFNEF evolved from a single indictment of
iastolic LV dysfunction to identification of a “gang” action.
he “gang” consists of diastolic LV dysfunction and blunted
usitropic, chronotropic, vasomotor, and inotropic responses
o exercise. The relative importance of the blunted responses
emains uncertain, however, because of conflicting evidence
etween invasive and noninvasive studies, and because their
ffects frequently depend on a steep diastolic LV pressure-
olume relation, which therefore remains the uncontested
eader of the “gang.”
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